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(57) ABSTRACT 

An illumination apparatus has ?rst and second optical con 
denser systems sharing a common aperture. The ?rst optical 
condenser system has a ?rst solid-state light source having 
a ?rst spectral band and a ?rst curved surface spaced apart 
from the ?rst solid-state light source and treated to re?ect the 
?rst spectral band along a ?rst optical path to exit at the 
common aperture and to pass light outside the ?rst spectral 
band. The second optical condenser system has a second 
solid-state light source having a second spectral band and a 
second curved surface disposed behind the ?rst curved 
surface With respect to the ?rst and second light sources and 
treated to re?ect the second spectral band along a second 
optical path to exit at the common aperture. 

21 Claims, 18 Drawing Sheets 
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FIGURE 3 
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COLOR COMBINER FOR SOLID-STATE 
LIGHT SOURCES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

Reference is made to US. patent application Ser. No. 
11/640,725 ?led 18 Dec. 2006 and entitled “Light Collector 
and Concentrator” by Cobb et al. 

FIELD OF THE INVENTION 

This invention generally relates to illumination apparatus 
and more particularly relates to an illumination apparatus 
and method for display using solid-state light sources. 

BACKGROUND OF THE INVENTION 

With continuing improvement in digital imaging technol 
ogy, digital light modulation is used for a Wide range of 
display devices such as rear projection TVs, motion picture 
projectors for business and entertainment markets, digital 
printers, and other imaging apparatus. In the development 
and design of such apparatus, the challenge of providing 
illumination having suf?cient brightness is Widely acknowl 
edged. For some types of digital imaging devices in par 
ticular, such as digital projection devices, the inability to 
provide suf?cient brightness presents a serious performance 
constraint. Conventional illumination solutions for digital 
projectors, such as UHP (Ultra-High Performance) lamps or 
high-pressure mercury arc lamps or Xenon arc lamps, have 
been employed for some digital projection systems, but are 
disadvantaged for a number of reasons, including short 
lifetimes, deterioration With age, high heat, environmentally 
haZardous component materials, and constrained color 
gamut. 

Until recently, solid-state light sources such as Light 
Emitting Diodes (LEDs) did not exhibit high enough poWer 
levels for projection. HoWever, high-brightness LED 
sources are noW being commercialized and used satisfacto 
rily in illumination systems for smaller devices, such as 
pocket projectors and Rear-Projection Television (RPTV) 
devices. When compared against conventional lamp-based 
illumination solutions, LEDs have some inherent advantages 
such as loWer poWer consumption, longer component life, 
and elimination of Warm-up requirements. In addition, the 
relative spectral purity of these sources offers the promise of 
a broader color gamut than is provided by conventional 
high-brightness lamps. LEDs also do not have environmen 
tally haZardous materials such as the mercury contained in 
metal-halide lamps. LED brightness is also adjustable over 
a range, Without changing its spectral characteristics. 
As higher-brightness LEDs are being developed, there has 

been considerable attention directed to adapting these solid 
state light sources for use in digital display and projection 
apparatus. For many types of display and projection designs, 
it is necessary to combine the light from single-color LEDs, 
typically Red (R), Green (G), and Blue (B) LEDs, onto a 
single light path, and then to direct the light to a spatial light 
modulator (SLM), such as a digital micromirror device 
(DMD) used in DLP® projection systems from Texas Instru 
ments, Inc., Dallas, Tex. 

The proposed solutions for color combination When using 
single-color LEDs generally use an arrangement of dichroic 
surfaces and light integrating components. Referring to the 
perspective vieW of FIG. 1A, there is shoWn an illumination 
apparatus 30 that employs an integrating rod 34 for mixing 
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light from an LED assembly 32 that has tWo green LEDs 
12g, one red LED 12r, and one blue LED 12b. Acting as a 
light guide that directs light by Total Internal Re?ection 
(TIR), integrating rod 34 homogeniZes the light input from 
the different color LEDs on LED assembly 32 to provide 
polychromatic light at its output 36. 
The solution shoWn in FIG. 1A may be Workable for some 

types of loW-end display devices, but is very inef?cient. As 
is Well knoWn to those skilled in the imaging arts, any optical 
system is constrained by geometrical considerations, 
expressed in terms of etendue or, similarly, in terms of the 
Lagrange invariant, a product of the acceptance solid angle 
and the siZe of the aperture at any given plane in an optical 
system. Where an optical system is matched and symmetric, 
Lagrange and etendue values are identical throughout the 
system. In optical systems that are not matched or symmet 
ric, the etendue is the smallest value that alloWs light 
through the system. In the particular example of FIG. 1A, 
etendue-matching is relatively poor, since the output beam 
of light is tWice as large as need be. It Would be advanta 
geous to overlap light of each of the three colors onto the 
same path, With an area the siZe of the tWo green LEDs 12g. 

Etendue and the corollary Lagrange invariant provide 
Ways to quantify an intuitive principle: only so much light 
can be provided from an area of a certain siZe. As the 
emissive area gets smaller, the angle of emitted light gets 
larger in order to preserve the equivalent brightness. 
Added complexity and co st result from the requirement to 

handle illumination at larger angles. This problem is noted 
and addressed for high-density Liquid Crystal on Silicon 
(LCOS) devices in US. Pat. No. 6,758,565 entitled “Pro 
jection Apparatus Using Telecentric Optics” to Cobb et al.; 
US. Pat. No. 6,808,269 entitled “Projection Apparatus 
Using Spatial Light Modulator” to Cobb; and US. Pat. No. 
6,676,260 entitled “Projection Apparatus Using Spatial 
Light Modulator With Relay Lens and Dichroic Combiner”, 
to Cobb et al. These patents disclose electronic projection 
apparatus design using higher numerical apertures at the 
spatial light modulator for obtaining the necessary light 
While reducing angular requirements elseWhere in the sys 
tem. 

In display and projection apparatus, it is most desirable to 
match, as closely as possible, the etendue of the spatial light 
modulator (SLM). As a general rule, increased etendue 
results in a more complex and costly optical design. For a 
projector using the component arrangement of FIG. 1A, for 
example, lens components in the optical system must be 
designed for large etendue. 

There have been a number of solutions proposed for using 
an integrating rod With LED sources in order to reduce 
etendue. For example, US. Pat. No. 6,956,701 entitled 
“Method and Apparatus for Combining Light Paths of 
Multiple Colored Light Sources Through a Common Inte 
gration Tunnel” to Peterson et al. describes an illumination 
arrangement that directs light from multiple LEDs through 
an integrating tunnel. Various embodiments are described in 
the Peterson et al. ’701 disclosure for directing light from 
multiple LED sources into a single integrator element. 
HoWever, solutions such as those proposed all tend to 
increase the etendue of the exiting light and can have other 
problems. For example, one solution proposed in the Peter 
son et al. ’701 disclosure (FIG. 6 in the ’701 disclosure) and 
utiliZed in illumination devices such as the ZoroLightTM 
LED Multiplexers from Bookham Display Products, Santa 
Rosa, Calif. can exhibit various problems that cause inef? 
ciency and increase etendue. FIGS. 1B and 1C shoW hoW 
some of these problems can occur. In FIG. 1B, integrating 
















